The cotranslational folding is recognized as a very cooperative process that occurs after the nearly completion of the polypeptide sequence of a domain. Here we investigated the challenges faced by polypeptide segments of a non-vectorial β-barrel fold. Besides the biological interest behind the SARS coronavirus non-structural protein 1 (nsp1, 117 amino acids), this study model has two structural features that motivated its use in this work: 1-its recombinant production is dependent on the temperature, with greater solubility when expressed at low temperatures. This is an indication of the cotranslational guidance to the native protein conformation. 2-Conversely, nsp1 has a six-stranded, mixed parallel/antiparallel β-barrel with intricate long-range interactions, indicating it will need the full-length protein to fold properly. We used non-denaturing purification conditions that allowed the characterization of polypeptide chains of different lengths, mimicking the landscape of the cotranslational fold of a β-barrel, and avoiding the major technical hindrances of working with the nascent polypeptide bound to the ribosome. Our results showed partially folded states formed as soon as the amino acids of the second β-strand were present (55 amino acids). These partially folded states are different based on the length of polypeptide chain. The native α-helix (amino acids 24-37) was identified as a transient structure (~20-30% propensity). We identified the presence of regular secondary structure after the fourth native β-strand is present (89 amino acids), in parallel to the collapse to a non-native 3D structure. Interestingly the polypeptide sequences of the native strands β2, β3 and β4 have characteristics of α-helices. Our comprehensive analyses support the idea that incomplete polypeptide chains, such as the ones of nascent proteins much earlier than the end of the translation, adopt an abundance of specific transient folds, instead of disordered conformations.
Introduction
Protein folding is linked to one of the principles of life: most of the functions in a cell are carried out by proteins that have to fold properly. Incorrectly, folded proteins have to be directed to proteasomal degradation; otherwise, they can lead to misfolded protein diseases, also known as proteopathias, which can culminate in prion disease, Alzheimer's disease, Parkinson's disease, amyloidosis, or cancer.
The process of translation, consisting of the ribosome molecular machinery with all the accessory molecular elements including mRNA, tRNAs, and chaperones, is the first process that calls attention when one wants to learn about protein folding. Ribosomes synthesize polypeptide chains, and during their synthesis, the nascent proteins can acquire its structure or only obtain in the end of the process.
The cotranslational fold has been studied essentially in parallel to the description of protein synthesis by the ribosome since the middle of the last century. Early observations made it clear that some nascent chains of β-galactosidase still bound to the ribosome are enzymatically active [1] . More direct evidence that a polypeptide still attached to the ribosome, can adopt its native fold came from the use of conformational antibodies raised against β-galactosidase and tailspike protein of phage P22. [2, 3] Initial efforts to characterize the folding propensity of nascent polypeptide chains were performed with synthetic fragments of chymotrypsin inhibitor-2 from barley seeds, an alpha/beta protein with 64 amino acids that readily refolds by a two-state mechanism [4, 5] . As measured by circular dichroism and ANS binding, the acquisition of secondary and tertiary structure starts simultaneously after completion of 80% of the polypeptide chain. Native-like tertiary structure, measured by intrinsic fluorescence of tryptophan, starts after the polypeptide chain is 95% complete. It is worth noting that even though the experimental conditions used in these studies were native-like, the purification process involved denaturing conditions, mainly because of the poor solubility of the polypeptides. Of special interest is the fact that the longest construct, with 63 residues, was recovered from bacterial inclusion bodies.
Important evidence that the process of folding occurs during the synthesis of a protein comes from the lower recovery of the native fold after the refolding of a full-length protein in comparison to a protein that has been synthesized in a vectorial fashion by the ribosome. The presence of chaperones is significant but not mandatory in the cellular milieu, and in fact is not sufficient to increase the in vitro folding recovery to the efficiency level of a polypeptide emerging from the ribosome. A well-studied example is the β-barrel of the green fluorescence protein (GFP), which becomes active after folding from a nascent polypeptide at a much higher efficiency than during in vitro refolding of its full-length polypeptide chain and independently of the cytosolic crowding or cellular chaperones [6] .
In fact, the study of co-translational fold has greatly improved after the use of GFP. This protein has a very complex fold composed of a non-vectorial 11 stranded parallel/antiparallel β-barrel, and very importantly, its activity is the emission of fluorescence, which can be assayed in several experimental conditions, including inside the cells, while still bound to the ribosome. With this system, it was possible to identify that nascent GFP with 10 of the 11 β-strands outside the ribosome exit tunnel forms a non-native conformation that is remarkably stable [7] . More recently, the sequential compaction of sub-domains of the first nucleotide-binding domain from the cystic fibrosis transmembrane conductance regulator was detected using fluorescence resonance energy transfer [8] .
Protein folding coupled to the polypeptide synthesis in the ribosome seems to be more important to some proteins than others. In fact, the speed of translation can dictate the folding competence. Sequences of rare codons in the mRNA, which slows down the translation at specific lengths of the protein, are concentrated at the end of the coding sequence for a protein domain [9] [10] [11] . Curiously, silent mutations can lead to the impairment of protein folding and function [12, 13] . Likewise, it has been shown that slowing down the bacterial translation enhances the amount of natively folded heterologous eukaryotic proteins [14] .
Nevertheless, the amount of data actually showing the presence of folding intermediates is almost inexistent for polypeptides representing the beginning of the translation, which includes either free designed polypeptides or nascent polypeptide chains still bound to the ribosome. Important technical hindrances account for this lack of data: First the nascent polypeptide chains have high tendency to aggregate; secondly, working with the large ribosomal complex with nascent polypeptide chains still bound to them causes an enormous signal interference when they are accessed by the current spectroscopic methods; finally, the scarce concentration of the staled ribosomes with the nascent polypeptide chains can be as low as in the range of nanomolar.
In this work, we want to address the folding of vectorial polypeptide intermediates designed from a complex 3D structure: the six-stranded mixed parallel/antiparallel β-barrel of nsp1 from the SARS coronavirus. This viral protein is expressed as a soluble protein in Escherichia coli only at lower temperatures, such as 18˚C, indicating a strong dependence on cotranslational folding events in order to achieve its native fold. We show that designed nascent polypeptide chains of the nsp1 adopt intermediates with hydrophobic clusters and significant 3D compaction. These intermediates appear with 2 of the 6 β-strands and the α-helix, represented by the designed protein nsp1 . Additionally, after the presence of 4 β-strands and the α-helix, in the designed protein nsp1(13-100), there is the observation of significant formation of secondary structure. These events could be detected since we designed a recombinant fusion protein that allowed the use of complementary biophysical techniques to identify folding intermediates earlier in the translation of a polypeptide than detected previously.
Results

Design of a new system to study cotranslational folding
The study of cotranslational folding involves the use of purified ribosome-bound nascent polypeptide chains or free C-terminally truncated proteins to mimic the growth of a polypeptide [15] [16] [17] [18] [19] [20] [21] [22] [23] . These ingenious experimental setups have been developed since the 60´s and they have provided fascinating clues regarding the nature of protein synthesis. However, these systems present three intrinsic experimental drawbacks: 1-the ribosomal-bound nascent chain is a complex of more than 2 MDa, precluding studies by many biophysical approaches, including NMR spectroscopic methods, to achieve high-resolution structural data; 2-the free C-terminally truncated chains are very unstable, and are frequently expressed in inclusion bodies. Because of that, they need to be denatured in order to allow them to be purified; 3-in both systems, the effective concentration of purified sample is limited (lower micromolar).
Here we develop an experimental setup that attaches GB1, the soluble and small (56 amino acids) immunoglobulin-binding domain of streptococcal protein G to the C-terminus of the truncated polypeptides, to mimic a growing chain appended to a structured scaffold [24] Sebastian Hiller, personal communication.
Besides the intrinsic solubility and stability characteristics of the GB1 domain, it has a fast and very efficient fold, which avoids interactions with any N-terminal incomplete polypeptide chain during its synthesis by the ribosome [25] .
We verified by the comparison of NMR chemical shifts that the GB1 domain does not have significant interactions with the N-terminal constructs (S1 Fig) The combined chemical shift differences were very small (Δδ < 0.1 ppm) throughout the polypeptide sequence, but there were significant differences in the chemical environment of the N-terminal residues Q2 and Y3, as well as residues A20 and V21, which are in a loop very close to the N-terminus of GB1. We infer that the alteration in the chemical shifts of these four residues was an effect of the presence of the spacer placed N-terminally to the GB1 domain. It is worth noting that the attached GB1 domain behaved like the native, well-folded globular domain, with well-defined secondary structures and high As depicted in Fig 1A, we designed the nsp1 constructs so as to avoid truncating their secondary-structure elements. Constructs included six intermediates and the full-length chain of nsp1 protein. The nonvectorial nature of the β-barrel fold in nsp1 is evident in these representations. For instance, the intermediate nsp1 includes β-strand 3, which is not paired with β-strand 2 in the native fold, nsp1(13-111) includes β-strand 5, which is not paired with β-strand 4, and finally the full-length nsp1 globular domain includes β-strand 6, which is not paired with β-strand 5. The constructs ranged in size from 11 to 22 kDa and included, from the N-to the C-terminus (Fig 1B) : An nsp1 construct; a spacer, designed to occupy the ribosome exit tunnel before the synthesis of the GB1 domain; a GB1 solubility domain; and a Histag for purification. These constructs behaved similarly during their purification and provided us with stable samples for at least two weeks, with concentrations as high as 4 mM.
Secondary structure begins to stabilize in construct nsp1(13-100)-two β-strands before the formation of the β-barrel
We evaluated the overall content of secondary-structure elements by circular dichroism (CD) in the range of 200-260 nm (Fig 2A) . The fusion construct containing the nsp1 domain as well as the six constructs containing incomplete polypeptide chains presented CD spectra distinct from the GB1 spectrum with an increase of negative ellipticity around 200-230 nm. An further increase in a negative band at 208 nm was noted especially for fusion constructs nsp1(13-25), nsp1 , nsp1(13-66) and nsp1(13-100), which is correlated with the presence of random coil conformation [30] . The full-length nsp1 fusion construct displayed a CD spectrum very similar to the nsp1(13-111) truncated fusion construct, which includes a positive band in the range of 200-205 nm, typical of β-strand conformation in the presence of coil. This characteristic appeared even earlier, in the fusion construct nsp1(13-84), but was somehow obliterated in fusion construct nsp1(13-100). Even though the signal of secondary structure is significantly bigger in the intermediate fusion construct nsp1(13-100) than in the shorter fusion constructs, it does not resemble the CD spectrum of full-length nsp1. This most likely reflects an intermediate state of folding distinct from the other fusion constructs.
The transition for the formation of significant secondary-structure elements is better demonstrated in Fig 2B, since the negative ellipticity at 220 nm is commonly used to characterize the formation of both β-strands and α-helices. It is clear that the formation of secondary structure depends on the presence of strands β1-4 and helix α, represented by construct nsp1(13-100). The substantial emergence of stable secondary structure in this construct is related to the large increase in the amount of native long-range contacts after the presence of strand β4. The long-range contacts in the native structure of nsp1 are illustrated in the S3 Fig. The segment coding up to strand β3, represented by construct nsp1(13-84) has 43 long-range contacts, considering the native full-length nsp1 fold. In contrast, the construct nsp1(13-100) has 47 additional long-range contacts compared to construct nsp1 . Furthermore, the native pairing among native strands β3 and β4 is maintained by 33 long-range contacts, which is more than three times the amount between β1 and β2 (9 contacts), β2 and β3 (7 contacts), or between each strand and the helix α (1-11 contacts).
The further increase of negative ellipticity in fusion construct nsp1(13-111) in comparison to nsp1(13-100) also follows the trend observed with the transition between construct nsp1 (13-84) and nsp1(13-100), both for the increase in the 220 nm negative ellipticity and the amount of native long-range contacts. Considering the native structure, strand β5 has an extensive network of long-range contacts (36 contacts) with β3, and the construct nsp1(13-111) has 61 additional contacts compared to nsp1(13-100). Finally, the full-length protein forms a globular β-barrel fold, by the addition of the remaining 52 long-range contacts with β-strand 6.
In denaturing conditions (7 M urea), the fusion constructs and the GB1 construct lost most of their secondary structure signal, reaching an ellipticity level around -12 to -6 deg.cm 2 .dmol -1 ( Fig 2C) .
Acquisition of tertiary structure in intermediate constructs of nsp1 after the acquisition of strand β2
We used NMR spectroscopy to characterize the tertiary structure of each construct. The 2D [ 1 H, 15 N]-HSQC spectrum of the full-length fusion construct has a wide dispersion of chemical shifts, which resembles the spectra of the free nsp1 and the free GB1 domains (Fig 3) . This data indicates that the nsp1 domain in the fusion construct has the same fold as the free domain and that it does not interact with the GB1 domain to a significant extent.
The clear similarity of the resonance chemical shifts of the spacer and GB1 domain among all the fusion constructs, including the ones shown in S1 Fig, allowed us to identify the peaks belonging to each intermediate of the nsp1 domain as well as the globular full-length nsp1 domain. The spectrum showing exclusively the signals of the nsp1 segment in each designed fusion construct was then back-calculated and analyzed for 1 H dispersion and number of peaks (Fig 4) . The intermediate constructs have much lower dispersion than the well-folded, full-length domain, showing that the intermediates of nsp1 do not have a well-defined fold ( Fig 4A) . It is clear that the spectra of nsp1(13-25), nsp1(13-50) and nsp1(13-66) proteins do not overlap, indicating that these three fusion constructs have different conformations. Considering the longer fusion constructs, from nsp1(13-66) up to nsp1(13-111), there is considerable equivalence among the spectra; however, this can be merely a superposition of peaks from different amino acids and because of that cannot be considered fold similarity. Nevertheless, if we compare the median and the dispersion of signals of each fusion construct (Fig 4B) , we see that the medians of the spectra from fusion construct nsp1(13-66) towards the full-length construct are very similar, around 8 ppm. On the other hand, the median signals of the two shortest fusion constructs, nsp1(13-25) and nsp1 , are very similar to the urea-denatured samples nsp1(13-84), nsp1(13-111) and the full-length nsp1, all around 8.3-8.4 ppm. This indicates that the nsp1 polypeptides from nsp1(13-66) onward adopt different conformations than that of an unfolded structure. It is also noticeable that the dispersion of the fusion construct nsp1(13-111) is greater than the other intermediates, or urea-denatured samples, indicating that the nsp1 polypeptide segment of this sample adopted a more compact 3D fold.
The number of missing peaks in the 2D [ 1 H, 15 N] correlation spectra ( Fig 4C) is a straightforward and widely used tool to identify the quality of the fold for a sample, especially for relatively small proteins such as the fusion constructs used here (less than 22.2 kDa). The greater the number of missing peaks in 2D spectra, the more likely it is that the protein adopts an intermediate fold with intermediate conformational dynamics. It is worth noting that there are N] correlation spectrum will present low dispersion but only a few missing peaks, because of superposition or intermediate dynamics of their 3D structures. This is in fact the case for the fusion construct nsp1 (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) , missing only 3% of its peaks. The number of missing peaks increases substantially to 44% with the length of the polypeptide chain from the fusion construct nsp1(13-50) to nsp1 , and then decreases until it reaches approximately 11% in the full-length nsp1 domain. This increased percentage of missing peaks is an indication for the existence of folding states with intermediate conformational dynamics. The full-length nsp1 fusion protein has only a few missing peaks, indicating a well-folded 3D domain, which causes a wide dispersion of chemical shifts and allows straightforward identification of backbone HN signals.
A classic approach to identifying 3D structures with intermediate folding uses the fluorescence of bis-ANS dye [31, 32] . A blue shift of the emission maximum and an increase of quantum yield of the bis-ANS fluorescence spectrum occur with decreasing dielectric constant of its surroundings, such as in the partition from aqueous solvent to protein hydrophobic microdomains. The binding of bis-ANS to proteins is dominated by hydrophobic interactions, and as such, its interaction with hydrophobic clusters and stable hydrophobic pockets, which are well-known indicators of intermediate folding structures, protein aggregation, or even specific active sites, such as nucleotide binding sites. As shown in Fig 5, there is an increase in the bis-ANS fluorescence from fusion constructs nsp1(13-66) to nsp1(13-111). Significant extrinsic fluorescence is also observed in the fulllength nsp1 sample, but only a residual signal is observed in the samples nsp1(13-25) and nsp1 as well as the GB1 domain alone. The most likely cause for the binding of bis-ANS to these samples is the formation of hydrophobic clusters in partially collapsed states or in oligomers. The increase of bis-ANS binding does not correlate linearly with the accumulated hydrophobicity [33] in each construct (primary sequence shown in Fig 5B) , indicating that there are specific conformations forming hydrophobic clusters in the fusion constructs nsp1(13-66)-nsp1(13-111), which enable a very efficient binding of this hydrophobic dye. The fusion constructs present an average hydrophobicity of 0.51 ± 0.03 (accumulated hydrophobicity divided by the number of residues in each construct ± SD), ruling out the possibility of the existence of abnormally hydrophobic polypeptide chains that would have more affinity for bis-ANS. It is also worth mentioning that the urea-denatured samples do not bind significantly to bis-ANS dye (data not shown).
Nonetheless, the results from bis-ANS fluorescence indicate that after a specific polypeptide length, represented by the nsp1(13-66) fusion construct, there is a critical accumulation of hydrophobic residues that is sufficient to form hydrophobic clusters. Finally, there is a large decrease in accessible hydrophobic clusters in the full-length well-folded globular domain of nsp1, which is usually attributed to native hydrophobic collapses [34] .
Structural condensation after the acquisition of strand β4
In order to obtain deeper insight into the morphological features of the nsp1 fusion constructs in solution we collected small-angle x-ray scattering (SAXS) data [35, 36] , as shown here by the I (q) scattering function. The GB1 domain alone behaved as a globular particle with R g of 2 nm and D max of about 6.8 nm (Fig 6) , behaving as a compact structure as suggested by the Kratky curve ( S4 Fig). From the Kratky plots we found indications of flexible elongated polypeptide segments in all designed fusion constructs, characterized by an increase of I (q) × q 2 plateauing at a given threshold. These data correlates with the other experimental observations presented here, which indicates the presence of a globular GB1 domain fused to distinct partially folded nsp1 polypeptide segments. The fusion construct nsp1(13-111) in particular has a consistent increase of the I (q) × q 2 along the q values (S4 Fig), indicating a high content of disordered structure. For the full-length nsp1 fusion construct, a sinusoidal function in the Kratky plot is observed, indicative of a compact, globular structure with no major intrinsically disordered components, compatible with the expected structure of two globular domains (GB1 and nsp1).
From the pair distance distribution P(r) data (Fig 6A) , we calculated the R g and D max for each of the designed fusion proteins, as well as for GB1 domain alone, and compared with the hypothetical parameters for ideal folded and unfolded polypeptides of similar polypeptide chain length [37] (Fig 6B) . In these calculations we used the equations Calc-Rh FOLDED = (0.475 × Number of residues 0.29 ) and Calc-Rh UNFOLDED = (0.221 × Number of residues 0.57 ) for folded or unfolded proteins, respectively (blue and red lines in Fig 6B) . The R g and D max of GB1, as well as the designed fusion proteins nsp1(13-25), nsp1(13-50) and full-length nsp1, follows the expected dependence of dimensional parameter upon the chain length. A pronounced upper-deviation from the theoretical function is evident for the fusion construct nsp1 (13-84), most likely identifying the expansion of the mean occupied conformational space. The fusion constructs nsp1(13-100), nsp1(13-111) show a reduction in R g and D max compared to the theoretical and to the other fusion constructs, indicating protein condensation upon crossing a given threshold between chain length as of the completion of the segment nsp1(13-84)-nsp1(13-100). We assume that this behavior may be attributed to additional structural stability for the previous strands (β1-β3).
Moreover, according to the plots of the distance distribution function P(r) (Fig 6A) , all the fusion constructs are clearly represented by a small globular domain with a radius of approximately 3 nm, most likely from the GB1 domain, elongated up to approximately 10 nm (or 15 nm in the nsp1(13-84) protein), which we interpret as the contribution of the nsp1 chains, the spacer and the His-tag. The full-length nsp1 fusion construct presents two clearly defined minor radii of approximately 3 nm and 6 nm, which fit with the presence of the GB1 and nsp1 globular domains.
Propensity to form α-helix in incomplete polypeptide segments that adopt native β-strands
With the exception of constructs nsp1(13-25) and nsp1 , the intermediates of nsp1 have consistent indications for the formation of hydrophobic clusters and, after construct nsp1 (13-100), the presence of defined secondary structure. In order to characterize the structure of the intermediates of nsp1 at atomic level we performed sequence-specific resonance assignment, which afforded us a more detailed view on the conformation of selected constructs: nsp1(13-25)-should not have any secondary structure; nsp1(13-50)-contains the polypeptide sequence that codes helix α, a secondary-structure element that is well known to have a significantly higher intrinsic folding propensity; nsp1(13-100) emerge as the smallest sample to show evidence for conformational collapse (Fig 6B) , and might represent an important intermediate with two β sheets (see Fig 1A) .
We were able to assign most of the backbone resonances for these three samples regardless of significant signal overlaps, typical for samples with non-globular 3D structure. The most Dissecting the folding of replicase nonstructural protein 1 representative exception is the segment from residues 74-87 in fusion construct nsp1(13-100). This segment corresponds to the first half of the most flexible loop in the native structure, which connects native strands β3 and β4. The signals belonging to this segment were absent in the spectra collected, most likely due to intermediate polypeptide dynamics, in the range of milliseconds. Polypeptide chain motions in this range are usually represented by conformational exchange of loops that are flexible but not thermally disordered. This intermediate dynamics causes NMR line broadening due to the sampling of different chemical environments in a ratio close to the difference in chemical shift of each state, a fundamental NMR property observed since the first studies of protein conformation [38] .
With the 13 C α , 13 C β and H α chemical shifts we calculated the secondary-structure propensity (SSP) for the three fusion constructs nsp1(13-25), nsp1(13-50), nsp1(13-100) and the globular domain of nsp1. The SSP indicates the propensity ranging from -1 to 1 to adopt backbone conformations typical for extended β-strands or helical structures, respectively, according to the effect of these conformations on the chemical shifts of backbone atoms,[39-41] As shown in Fig 7, with the SSP algorithm it was possible to define very well the secondarystructure elements of the folded globular domain of nsp1 (orange bars in the uppermost graph). Moreover, most of the native secondary structures can be predicted solely based on amino-acid composition (blue bars in the Fig 7A) , with striking exceptions of β-strand 4 and the first half of β-strand 6.
The intermediate nsp1(13-100) presents mainly a propensity to form helical conformations, under non-denaturing buffer. One segment with significant helical propensity is in a region that includes the native helix α, but also encompassing strand β2. This helical propensity is present in the same segment of the nsp1(13-50) intermediate, while the nsp1(13-25) construct, which has only the sequence coding for the first β-strand and part of the first loop, has propensities close to zero (data not shown).
One quite intriguing behavior of the nsp1(13-100) intermediate is that none of the native β-strands have propensity to be in extended conformation. Furthermore, there is the presence of helical propensity for the polypeptide segments that form the native strands β2 and β3, peaking at 0.25, and to a lesser extent strand β4, peaking at 0.15. To the best of our knowledge, this effect has not been previously detected in any intermediate of nascent polypeptide chains. Interestingly, the opposite propensity was shown for sperm-whale apomyoglobin, an all-α-helical protein [42] . At relatively short lengths of the apomyoglobin, a predominantly nonnative β-sheet is present, but as chain length increases, α-helical conformation progressively takes over.
We also evaluated the polypeptide backbone dynamics by measuring H}-NOE profile for nsp1(13-100) indicated the existence of flexible, disordered residues (ps-ns time scale) in its N-terminus up to residue V26, residue V35, and a few residues around strand β3 and the end of the loop connecting this strand to strand β4. Residues with apparent lower flexibility (NOE peaking at~0.6) are clustered in the polypeptide segments that correspond to the native helix α, 3 10 helix and strands β2 and β4.
We collected 3D NOESY data for the three samples mentioned in this subsection, and noticed that they are very sparsely populated with homonuclear NOEs within the nsp1 polypeptide segments, showing almost exclusively the expected sequential d αN and d NN (data not shown). It is worth noting that the GB1 globular domain in these fusion constructs exhibited a very reasonable number of NOEs, compatible with the number observed for the isolated domain (data not shown). The paucity of NOEs, especially long-range ones, is a strong indication for the lack of stable tertiary structure within the studied nsp1 segments, but does not exclude the existence of partially folded species in these samples, which in fact corroborate with the data presented here.
Finally, we performed a pairwise comparison of the backbone H N chemical shifts of nsp1(13-25) with nsp1(13-50), nsp1(13-50) with nsp1(13-100), and nsp1(13-100) with the full-length globular nsp1. As noted in the Fig 7D, the chemical shifts of nsp1(13-100) are quite distinct from those of the full-length globular domain, evidence that the conformations of these constructs are not alike. Nonetheless, it is noticeable that the loop connecting strand β1 and helix α, as well as the polypeptide sequence surrounding helix 3 10 , have the highest Δδ, suggesting that these are the regions that suffer the greatest conformational change, from nsp1(13-100) to full-length globular nsp1. The smaller Δδ in strand β1 and helix α indicate that these two elements are already in a chemical environment more similar to the hydrophobic core of stably folded nsp1. As revealed previously by SSP, the Δδ analysis also indicated that the conformation of nsp1 (13-25) is very similar to that of its corresponding sequence in nsp1(13-50) and nsp1(13-100), since the Δδ values between nsp1(13-25) and nsp1 and between nsp1(13-50) and nsp1(13-100) are below 0.25, with the sole exception of residues 22 and 25 in nsp1(13-25) (averaging Δδ~0.4) and 23, 28 and 45 in nsp1(13-50) (averaging Δδ~0.9) (data not shown).
Conclusions
Even though it is intuitive to expect the formation of a β-barrel only after the translation of the last β-strand, there is the possibility of the existence of intermediates on the cotranslational folding of nsp1, including (shown in Fig 1) : 1-the presence of the α-helix, first seen in the construct nsp1(13-50); 2-the existence of one β-sheet formed by β-strand 1 and β-strand 2, in constructs nsp1 , nsp1(13-84) and nsp1(13-100); 3-the formation of a second β-sheet with β-strands 3 and 4 in the construct nsp1(13-100); 4-the union of the two intermediate, double-stranded β-sheets by the translation of β-strand 5 in construct nsp1 .
However, in spite of nsp1 having an α-helical propensity in a very similar polypeptide segment as the native helix α, our data support a different scenario. First, there is no evidence for the formation of any intrinsic β-sheet intermediate. In its place, at fusion construct nsp1(13-100) there is a significant α-helical propensity for the polypeptide segments that form the native β-strands 2 and 3, and to a lesser extent β4. The detection of non-native folding intermediates with α-helix propensity within segments of native β-strands has been described in the literature for full-length β-lactoglobulin and canine milk lysozyme [44] [45] [46] [47] , and these elements are considered intermediates on the protein-folding pathway.
The formation of the native α-helix must be aided by the long-range contacts involving at least strands β1-β5 of nsp1, since there is no stabilization of this secondary structure up to the fusion construct nsp1(13-100), but probably in nsp1(13-111), which has the most similar CD spectra to the full-length fusion construct, at the same time very distinguishable from the other fusion constructs (Fig 2) . In parallel, the abundance of long-range contacts indicates that the α-helix is important for the stabilization of the β-barrel. The fact that this helix has the highest propensity among all the secondary-structure elements of nsp1 that are formed after the intermediate nsp1 corroborates this hypothesis. We envisage testing this by comparing a construct lacking this helix with a synthetic polypeptide encoding the native α-helix.
It is clear that the incomplete polypeptides of nsp1 do not adopt stable conformations. This is common sense with regard to the cotranslational fold, including for proteins that have been studied by the use of truncated polypeptides, such as barnase (RNase from Bacillus amyloliquefacies), chymotrypsin inhibitor 2 (CI2), staphylococcal nuclease and sperm-whale apomyoglobin [48] [49] [50] [51] . In polypeptide chains nearing completion (>95% of the final length), these authors identified compact structures with long-range interactions, perhaps non-native, but lacking stable secondary structures. It is worth mentioning that the purification of these truncated proteins involved chemical denaturation; we infer that the results were obtained with refolded samples, which is an additional variable in the experimental setup, not present in the natural cellular environment. Our experimental results indicate a different scenario, where intermediate polypeptide lengths of nsp1, represented by designed proteins nsp1(13-100) and nsp1(13-111), start to adopt stable secondary structure and then tertiary structure before the completion of the polypeptide chain, observed for the designed protein nsp1(13-111) (Fig 8) .
Nevertheless, we identified the formation of dynamic hydrophobic clusters, which are distinct from the chemically denatured samples. This effect is also observed in the full-length globular domain of nsp1 and reaches a peak with the fusion construct nsp1(13-111) (Fig 5) , which acquires tertiary structure according to our NMR data (Fig 4) , albeit still with substantial flexibility as detected by SAXS ( S4 Fig). The main core for the folding of nsp1 might be the helix α, which starts to form with the designed fusion construct nsp1 . This helix presents one of the lowest chemical shift deviations (Δδ) when one compares different intermediates with the full-length globular nsp1, and it makes long-range contacts with most of the native β-barrel.
We summarized the events occurring during the hypothetical folding pathway studied here in Fig 9. The shortest intermediates nsp1(13-25) and nsp1 are mostly intrinsically disordered, but with residual native α-helix in nsp1 . Subsequently, there is the formation of hydrophobic clusters in nsp1(13-66) with concomitant formation of residual non-native α-helices, which reaches a maximum in nsp1(13-100). The fusion constructs nsp1(13-100) and nsp1(13-111) presents a visible condensation of 3D structure, as detected by SAXS, but only the latter has some stable tertiary structure. A hydrophobic collapse to the native 3D fold might happen only after completion of β-strand 6. The fusion constructs starting from nsp1 , which presents β-strands 1 and 2 and helix α, until nsp1(13-111), resemble molten globules [52] . It is noticeable that the native amphipathic helix α start to be formed within the fusion construct nsp1 and may provide a template to initiate the tertiary structure of nsp1. A second segment with helical propensity in fusion construct nsp1(13-100) does not show amphipathicity (last panel in Fig 9B) , which reinforces the argument that this segment is unstable in this conformation, leaving it with more propensity to form strand β4 and the loops flanking it. Based on our experimental evidence and theoretical analysis, we suggest that nsp1 (13-100) represents a crucial step in the cotranslational folding of the β-barrel of nsp1.
Material and methods
Recombinant protein production
The plasmid pET25b containing the cDNA encoding the six nsp1 intermediates truncated at different positions at their C-termini and the full-length globular domain C-terminally fused with a 20-amino-acid-linker, followed by the GB1 domain (residues 354-407 of Immunoglobulin G-binding protein G-UniProtKB: P19909) and a HIS-tag, as well as GB1 fused to His-tag, were synthesized by Genescript company. The plasmid containing the full-length globular domain of nsp1 (residues 13-128 of Replicase polyprotein 1ab-UniProtKB: P0C6X7; PDB Id.: 2gdt), consisting of residues 13 to 128, was prepared previously by our group [53] . The truncated constructs are identified in the Table 1 .
The plasmids were transformed into the Escherichia coli strain BL21 (DE3). Protein expression was achieved by growing the cells in LB (Luria Bertani) medium. The cell culture was shaken at 37˚C until an OD 600nm of 0.6 was achieved and then induced with 1 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG). Cells were grown for approximately 3 h at the same temperature and harvested by centrifugation. Uniformly as the sole nitrogen and carbon sources, respectively. Procedures for expression were similar to those used for unlabeled proteins. After expression, the cell cultures were centrifuged at 3000 × g for 20 min, at 4˚C; the supernatant was discarded. (Fig 2B) or NMR spectroscopy (Fig 4B) and plotted together to highlight these events within the designed fusion polypeptides. Signals are normalized to the highest value (full-length nsp1). For protein purification, the cells were lysed by sonication in an ice bath, in the presence of buffer A (50 mM HEPES pH 7.0, 250 mM NaCl, 1 mM dithiothreitol, 3 mM NaN 3 ) and protease inhibitors (complete™, EDTA-free from Roche). The debris was removed by centrifugation at 7000 × g for 30 min, at 4˚C; the supernatant was filtered (0.45 μm) and loaded onto a Ni 2+ affinity column (HisTrap HP column; GE Healthcare) equilibrated with 90% Buffer A and 10% Buffer B (500 mM imidazole in Buffer A) at 2 mL/min. A linear gradient of 10-100% Buffer B was used to elute the target protein at 4 mL/min. The fractions containing recombinant proteins (determined by SDS-PAGE) were pooled, concentrated using centrifugal filter devices (Vivaspin 20; GE Healthcare The interpretation of the 3D structure formation is a combination of experimental evidences obtained by bis-ANS fluorescence, SAXS and NMR spectroscopy. The native secondary structure topology is shown above the amino-acid sequence of nsp1, which is colored to distinguish each nsp1 segment used to design the incomplete nsp1 polypeptides. The number of additional long-range contacts between each secondary structure element and the rest of the polypeptide was calculated with MOLMOL on the basis of the native nsp1 3D structure. Thicker arrows and bold number indicate the transitions to more compact 3D structures as identified by SAXS in fusion constructs nsp1(13-100) and nsp1 and the acquisition of native globular fold in the fusion construct full-length nsp1. (B) Helical topology calculated with the online server rzlab. Dashed lines highlight the interface between hydrophobic and hydrophilic faces of the helices. Helix 1 and 2 were experimentally identified by SSP in the nsp1(13-100) construct (Fig 7) .
https://doi.org/10.1371/journal.pone.0182132.g009 Dissecting the folding of replicase nonstructural protein 1 mM NaCl,1 mM DTT and 3 mM azide), at 2 mL/min. All samples were in Buffer C for all experimental measurements. Fractions containing the recombinant proteins were concentrated using centrifugal filter devices (Vivaspin 20; GE Healthcare). NMR samples were supplemented with 10% D 2 O. The identity of purified samples was confirmed by MALDI-TOF (data not shown).
Small angle X-ray scattering SAXS experiments were performed in the D11-SAXS1 beam line [54] at the National Laboratory for Synchrotron Radiation (LNLS). SAXS data were collected using a two-dimensional detector (Pilatus 300k; Dectris, USA) at a wavelength of 1.548 Å with the sample-detector distance providing a q-range from 0.07 nm -1 to 2.5 nm
, where q is the modulus of the scattering vector (calculated according to q = (4π/λ) sinθ, where λ is the wavelength and 2θ is the scattering angle). Three successive frames of 300 sec were collected per sample in order to rule out radiation-induced damage. Frames behaved similarly, and thus we assumed no detectable sample instability during measurements. All three frames were averaged. The data reduction routine was performed with Fit2D [55] , including normalization of the one-dimensional scattered data to the intensity of the transmitted incident beam; correction for detector response, incident beam intensity and sample absorption; and blank subtraction using scattering from buffer collected under the same experimental protocol.
The R g and the scattered intensity extrapolated to zero q, I (q) , were inferred from the slope and the intercept of the linear fit of ln[I (q) ] versus q 2 in the q-range q×Rg < 1.3 [56] and also computed from the indirect Fourier transform program Gnom [57] . From these data we inferred the monodispersity of all protein constructs. We also used Gnom to compute the distance-distribution function, P (r) , its R g and the maximum dimension, D max .
Nuclear magnetic resonance spectroscopy NMR spectra were collected at 22˚C with Bruker Ascend 500 MHz, Ascend 700 MHz, and Avance 800 MHz spectrometers equipped with z axis gradient 5-mm triple gradient probes and Avance 600-MHz, equipped with a z axis gradient 5-mm triple resonance cryogenic probe. [58] were used to obtain sequence-specific assignments for the polypeptide backbone of nsp1(13-25), nsp1(13-50) and nsp1(13-100) constructs in Buffer C. For the resonance assignments of GB1 solubility domain we followed the J-UNIO protocol [59] . Briefly, we performed automated backbone assignment using 5D APSY-CBCACONH, 4D APSY-HACANH and 5D APSY-HACACONH data sets [60, 61] [64, 65] were measured on a Bruker Avance 800-MHz spectrometer, using a saturation period of 3 s and an interscan delay of 5 s. The errors in the primary intensity data were taken from the root-mean-square noise of background regions in the spectra [66] .
The secondary structure propensity was calculated using the algorithm SSP [67] . The C α , C β and H α chemical shifts of nsp1(13-25), nsp1(13-50) and nsp1(13-100) constructs, as well as GB1 and nsp1 globular domains, were used as input to calculate the propensity to form α-helix (SSP > 0), or extended conformation such as in β-strands (SSP < 0). The 1 H chemical shifts were referenced to internal sodium-3-(trimethylsilyl) propanesulfonate (DSS). Using the absolute frequency ratios (0.251449530 and 0.101329118), the 13 C and 15 N chemical shifts were referenced indirectly to DSS [68, 69] . The NMR spectra were Dissecting the folding of replicase nonstructural protein 1 processed with Topspin 3 and analyzed with CARA 1.9.1.5 [70] . The NMR chemical shifts of the protein constructs have been deposited in the BioMagResBank under BMRB codes 27169, 27176, 27177, and 27178.
Circular dichroism spectroscopy
CD experiments were carried out using a Chirascan TM , CD Spectrometer (Applied Photophysics) with a 0.1-cm path length quartz cuvette. CD spectra were recorded using 30 μM protein in Buffer C. Far-UV spectra were recorded from 190 to 260 nm, averaged over three scans at a speed of 0.5 nm/min, and collected in steps of 0.5 nm. The buffer baselines were automatically subtracted from the respective sample spectra. The raw data were processed using the software ProView, provided by the manufacturer. CD data was reported as mean residue molar ellipicity (deg×cm ).
Bis-ANS extrinsic fluorescence experiments
The compactness of the protein hydrophobic cores was assessed using bis-ANS (4,40-dianilino-1,10-binaphthyl-5,50-disulfonic acid) fluorescence spectroscopy. The fluorescence emission spectra of bis-ANS were recorded from 400 to 600 nm using an excitation wavelength of 360 nm, after 5 minutes of incubation of the fluorescent die with each protein. The experiments were conducted with 30 μM protein plus 30 μM bis-ANS, in buffer C. Spectra of bis-ANS without protein and protein without bis-ANS were used as controls. All of the fluorescence experiments were recorded using a VARIAN Cary ECLIPSE 1 fluorimeter (Palo Alto, CA) at 22˚C, and the data analyzed with GraphPad Prism 6.01. 
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